Abstract. The use of fibre grating refractometers as a means of monitoring the cure of a UVcured epoxy resin is presented. The wavelength shift of the attenuation bands of a long period grating and the spectral response of a tilted fibre Bragg grating sensor were measured simultaneously during the cure of the resin and compared with measurements made using a fibre optic Fresnel based refractometer. The results showed a good correlation (6 x 10 -3 rius) and illustrate the potential of the techniques for non-invasive composite material cure monitoring.
Introduction
Many fibre optic techniques have been reported for the in-situ monitoring of the cure of epoxy resins [1] . They offer clear advantages over traditional monitoring techniques, arising from their inherently small dimensions and high sensitivity. Spectroscopic methods predominantly use the fibre as a means for delivering the light to and from a sample [1] . However, direct interaction of the propagating mode with the surrounding environment has also been reported, achieved by etching or side polishing the optical fibre to remove the cladding and thus expose the evanescent tail of the core mode field [2] . For applications requiring embedding of the optical fibre, such as the monitoring of the cure of composite materials, techniques that do not require removal of the fibre cladding are attractive. In-fibre grating structures are capable of coupling light from the core of the fibre into the cladding, where the interaction of the cladding modes with the external environment enables the measurement of the surrounding refractive index without the need for etching or side polishing of the fibre. Two in-fibre grating structures which act as core to cladding mode couplers are considered here, the long period grating (LPG) and the tilted fibre Bragg grating (TFBG). An LPG produces a discrete set of attenuation bands in the transmission spectrum of the optical fibre [3] . The refractive index sensitivity of LPGs has been exploited for a range of applications, including, chemical concentration sensing [4] , liquid level sensing [5] and as a means of forming a tuneable spectral filter [6] . A TFBG produces numerous resonances in the transmission spectrum of the optical fibre, the monitoring of which has been used to demonstrate a refractometer [7] , again without the requirement for etching, side polishing [8] or tapering [9] the fibre.
Long Period Gratings
A long period grating (LPG) consists of a periodic modulation of the refractive index of the core of an optical fibre. The period of the modulation is typically in the range 10 m to 1000 m, and promotes coupling between co-propagating modes of the optical fibre. In the case of single mode fibre, the coupling takes place between the guided mode and co-propagating cladding modes. Efficient coupling is possible to only a subset of these cladding modes [3] . As the cladding modes are poorly guided and suffer from high attenuation, the transmission spectrum of an optical fibre containing an LPG contains a number of attenuation bands, each corresponding to coupling to a different cladding mode. The phase matching wavelengths are governed by the expression [10] ,
where  i , n eff_co , n i eff_cl and  are the i th cladding mode resonance wavelength, effective index of the core, effective index of the i th cladding mode, and the grating period respectively. The refractive index sensitivity of LPGs arises from the dependence of the coupling wavelength upon the effective index of the cladding mode. The response of an LPG to refractive index is manifested as a shift in the central wavelength of the attenuation bands; this is shown in figure 1 . The higher order modes show an increased sensitivity, and this is enhanced as the refractive index approaches that of the cladding. When the refractive index matches that of the cladding, the cladding modes are no longer supported as the cladding appears to be of infinite thickness. Further increase of the refractive index leads to the bands reappearing, corresponding to the existence of leaky modes, but at a longer wavelength and with significantly reduced refractive index sensitivity [10] . Figure 1 . Plot of the wavelength shift of an attenuation band against the index of refraction of the material surrounding an LPG of period 400 μm, written in boron-germanium co-doped fibre with a cutoff wavelength of 650 nm [5] .
The LPG response to changes in the surrounding refractive index, shown in figure 1 , was characterised by immersing the section of fibre containing the LPG in a series of Cargille refractive index oils of differing refractive index. The refractive index at the wavelength of operation was calculated using the Sellmeier equation. The wavelength response was then fitted with a 6 th order polynomial to provide a function relating wavelength shift to refractive index.
Tilted Fibre Bragg Gratings
A standard fibre Bragg grating (FBG) consists of a refractive index modulation in the core of an optical fibre that acts to couple the fundamental forward propagating mode to the contra-propagating core mode. A tilted FBG (TFBG) [11, 12] consists of a refractive index modulation that is purposely tilted or blazed relative to the fibre axis in order to enhance coupling between the forward-propagating core mode and contra-propagating cladding modes, as illustrated in figure 2 . The contra-propagating cladding modes are poorly guided and attenuate rapidly and are therefore not observable in reflection but are observed as numerous resonant bands in the transmission spectrum of the TFBG. A typical transmission spectrum is shown in figure 3 . The spectral response of the TFBG is governed by the phase matching condition:
where  i , n eff_co , n i eff_cl , ,  and  B are the i th cladding mode resonance wavelength, effective index of the core, effective index of the i th cladding mode, tilt angle, grating period and blaze period respectively. The TFBG spectral resonances are more complex and require a different method of analysis compared to that of the LPG. One method by which this may be achieved is by constructing an envelope that completely surrounds the spectral resonances [7] . The area that is enclosed by the envelope varies with changes in the refractive index of the surrounding environment. By monitoring this change and relating it to the refractive index it is possible to use the TFBG as a refractometer. The TFBG response to changes in surrounding refractive index, shown in figure 4, was characterised by immersing the section of fibre containing the TFBG in a series of Cargille refractive index oils of differing refractive index. The refractive index at the wavelength of operation was calculated using the Sellmeier equation The wavelength response was then fitted with a 3 rd order polynomial to generate a function relating wavelength shift to refractive index. In this paper, the use of LPGs and TFBGs as resin cure monitoring sensors is investigated. The index of refraction of a polymerising resin changes as the molecular density increases and as the atomic bonds involved in the polymerisation processes are altered [13] . The sensitivities of TFBGs and LPGs to changes in refractive index are exploited with the aim of developing a method of measuring the degree of cure. To aid cross comparison of results, a Fresnel reflection based refractometer has been designed and implemented [14] .
Experiment.
A TFBG of length 5mm and blaze angle 4.5°was fabricated in boron-germanium co-doped optical fibre, Fibercore PS1250 with a cut-off wavelength of 1240 nm, using the near-field interference pattern of a tilted phase-mask. The photosensitivity of the fibre was enhanced by pressurizing it in hydrogen for a period of 2 weeks at a pressure of 150 bar at room temperature. The phase mask was illuminated with a UV beam at a wavelength of 248nm and with an average power of 40 mW. The TFBG was interrogated by coupling the output from a super-luminescent diode of bandwidth 60 nm into the optical fibre, and monitoring the transmission using a scanning fibre Fabry-Perot interferometer of free spectral range 43 nm and of finesse 900 [15] .
To investigate the LPG response to the refractive index change of the resin at different wavelengths, LPGs of length 40mm and 400µm period were fabricated in two different fibre types, one with a cut off wavelength of 650nm (Fibercore SM750) and the other with a cut off of 1275nm (Optical Fibres 1310). The fibre was photosensitised by pressurising it in hydrogen for a period of 2 weeks at a pressure of 150 bar at room temperature. The fibre was then placed behind an amplitude mask that was illuminated by a UV laser beam at a wavelength of 266nm, provided by an injectionseeded frequency-quadrupled Nd:YAG laser.
The transmission spectrum of the fibre with the shorter cut-off wavelength, shown in figure 5 , was monitored by coupling the output from a tungsten-halogen white light source into the fibre and coupling the transmitted light to a CCD spectrometer (Ocean Optics S2000) with a resolution of 0.3nm. The transmission spectrum of the fibre with the longer cut-off wavelength was monitored using an Advantest Q8381 spectrum analyser with a resolution of 0.1nm. The responses of the fibre grating based refractometers to the refractive index change were compared with refractive index measurements made using a Fresnel based refractometer [14] . Two Fresnel refractometers were constructed, operating at wavelengths of 833nm and 1575nm. This was to aid correlation with the wavelength regions used by the fibre gratings and to reduce the differences introduced by the dispersion of the resin. The Fresnel approach is complementary to the grating sensors in offering a highly localised measurement of the refractive index change at the end of a fibre that can be readily calibrated, as described below. However, this approach is not as appropriate for applications where multiplexing of several sensors is required, or where a longer gauge length sensor is necessary.
Fresnel Refractometer
The experimental configuration is shown in figure 6 . The output from a laser diode operating at the appropriate wavelength was intensity modulated at a frequency of 270Hz, and coupled into a network of 3dB directional couplers. The Fresnel reflection from the fibre/resin interface was monitored using photodiode pd1. In the second arm, photodiode pd2 monitored the reflection from the air/fibre interface, acting as an intensity reference to aid the normalisation of the signal and to account for any change in power coupled into the optical fibre from the laser diode. The outputs from the photodiodes were monitored using lock-in amplifiers. To minimize any contributions from unwanted Fresnel reflections from the unused port of the 3dB coupler, micro bends were induced in the fibre to form a high attenuation return path for the reflections.
The refractive index determined using the refractometer is given by [14] 1 _ 1
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where, n eff_co is the effective refractive index of the fibre mode, n a is the refractive index of air given as 1.0002739 [14] , V air is the voltage produced by photodiode pd 2 , obtained for the reflection from the fibre/air interface and V epoxy is the voltage produced by photodiode pd 1 , corresponding to the reflection from the fibre/resin interface.
A UV cured epoxy resin, EpoTek OG134, with an uncured refractive index of 1.4163, measured at 589nm [17] , was used as the test resin. A UV lamp, with output power 4W and with a spectral peak at 365nm, was positioned to provide a fluence of 6.57mW/cm 2 in order to cure the resin slowly and to allow the reaction to be recorded using the relatively low sampling rate achievable using the OSA. The LPG and TFBG spectra and the reflection signal from the Fresnel probe were recorded at 0.5s intervals during the cure. Figure 7 shows the refractive index of the curing resin measured by both of the Fresnel based refractometers (solid line -833nm and dashed line -1575nm). The datum is the time at which the UV lamp is switched on. At this time a clear decrease in refractive index was observed. This is due to an exothermic reaction initiated by the incident UV light. The temperature of the resin was measured with a thermocouple, placed in the resin, which indicated a 6.5°C increase in temperature over the first 5 minutes. It was also noted that there was an ambient temperature increase. This was measured with a thermocouple placed close to the sample. The thermocouple measurements are shown in figure 8 .
Results
The measurements indicating the evolution of the refractive index made at the two wavelengths show good agreement. After the initial decrease in the refractive index, a rapid increase is measured, indicating the reaction process. The rate of change of refractive index reduces after 90 minutes. The difference between the measurements made at the two wavelengths may be due to the dispersion of the resin. Figure 8 . Temperature of the OG-134 epoxy resin measured during cure by two K-type thermocouples; one placed in the sample (solid) and the second placed close to the sample (dashed). An exothermic peak is evident shortly after the UV lamp was turned on.
To aid comparison of the LPG's response to the resin during cure, a simple model was used. The model uses the Gloge weakly guiding approximation [18] to calculate the effective refractive index of the core mode. The standard dispersion equation for a step index fibre [19] was used to calculate the effective indices of the cladding modes. The central wavelengths of the attenuation bands may then be determined using equation (1) . The refractive index measured during the cure of the resin using the Fresnel system was then input to the model to calculate the corresponding change in the cladding mode effective index, and thus allow prediction of the change in the LPG attenuation band wavelength. Figure 9 shows the prediction of the central wavelength of the longest wavelength (5 th ) attenuation band of an LPG fabricated in an optical fibre with a cut-off wavelength of 650nm, of length 40mm and with a 400m period. Shown here also is the actual response of the longest wavelength band of an LPG fabricated in the lower cut-off fibre (Fibercore SM750) of length 40mm and with a period of 400m. The close agreement with the model shows the potential for using an LPG as a cure monitoring sensor. The contributions of strain and temperature to the measured wavelength shift are not included in the simplified model. Transverse strain is known to develop during the cure for some resin systems [20] , but has not yet been determined for the UV resin used here. Using the calibration method discussed in section 1.1, the wavelength responses of the LPGs are related to refractive index. Figure 10 shows the refractive index calculated using the fifth attenuation bands of both LPGs (SM750 and OF1310 fibre). At both wavelengths the initial decrease in refractive index, observed when the UV lamp is switched on, is followed by a rapid positive change in refractive index. As exhibited by the Fresnel refractometer, the LPGs show a decrease in the rate of change of refractive index after 90 minutes. The discrepancies may again be attributed to dispersion effects and to errors induced in the calibration, where the thermo-optic change in refractive index of the resin was assumed to be negligible. The results obtained using both the Fresnel technique and the LPG based method indicates that the onset of the positive refractive index change is delayed when the measurement is made at the longer wavelength. This may point to the dispersive properties of the resin. The refractive index of the resin at the shorter wavelengths (~800nm) approaches the high sensitivity regions of the refractometers before that of the longer wavelengths (~1550nm). The refractive index change determined over the cure cycle by the TFBG is shown in figure 11 . The form of the curve agrees well with the results from the Fresnel and LPG based refractometers. The refractive index starts to increase 5 minutes after the UV lamp is switch on. The TFBG sensor indicates a refractive index of 1.437 when the resin is fully cured, achieved after 180 minutes. This agrees, to within 5 x 10 -4 rius (refractive index units), with the measurement from the Fresnel refractometer operating at 1575nm. The calibration discussed in section 1.2 revealed that the sensitivity of the TFBG decreases rapidly for refractive indices greater than 1.43, and it is apparent that the response curve starts to flatten after 60 minutes as the TFBG starts to lose sensitivity. All three sensor types show that most of the reaction takes place in the first 90 minutes, after which there is a gradual reduction in the rate of change of refractive index. The reaction is almost complete after 2 hours.
The performances of the different techniques are summarised in table 3. The discrepancy between results obtained using the Fresnel and grating based refractometers may be attributed to the temperature and strain sensitivities of the LPG and TFBG sensors, as mentioned previously. The thermo-optic effect may also have an influence on the resonant wavelength, equations (1) and (2) . This effect is negligible for the Fresnel technique. Investigation into the influence of these effects is the subject of current work. 
Summary
In summary, optical fibre refractometers have been employed to monitor the refractive index changes occurring in a curing epoxy resin. The core-cladding mode coupling resonances of a tilted fibre Bragg grating (TFBG) and of an LPG have been shown to be sensitive to the cure of an epoxy resin. The measurements made using the grating refractometers were compared with those made using a fibre optic Fresnel reflection based technique, and were found to be in agreement to within 6 x 10 -4 rius. 
